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Abstract: The zirconia-doped mullite fibers were prepared via a sol-gel method from aluminum isopropoxide-aluminum 
nitrate-tetraethyl orthosilicate system. The effects of zirconia doping on the sol spinnability, mullitization, structure and thermal 
stability of mullite fibers were investigated by means of Fourier transform infrared (FT-IR) spectroscopy, scanning electron 
microscopy (SEM) and X-ray diffraction (XRD). The results showed that Zr—O—C bond was presented with the involvement of 
zirconium acetate, which accelerated the gelation process of the precursor sol. The mullitization process of the doped fibers was 
promoted by the formation of less middle-phase residues such as spinel. Among the samples investigated, the 1% ZrO2-doped fibers 
exhibited the highest thermal stability with a grain growth rate of 11% (from 1 000 °C to 1 300 °C), which is only a half of that for 
pure mullite fibers. 
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1 Introduction 
 
Mullite (3Al2O3·2SiO2) fibers have received 
considerable attention because of their excellent creep 
resistance, thermal shock resistance, chemical stability 
and high temperature strength[1−2]. Compared with the 
C or SiC fibers, the excellent stability in oxidation 
atmosphere promotes the applications of mullite fibers in 
machine, metallurgy, environment protection and 
aerospace instrument as insulation materials or 
reinforcement in composites[3−4]. 
For the polycrystalline structure, the diffusion of 
cation and oxygen along grain boundaries in fiber leads 
to the grain coarsening and non-elastic deformation at 
high temperatures[5]. Two possible ways are presented 
to overcome this problem by synthesizing single crystal 
fibers from melting oxide[6] and modifying 
polycrystalline fibers by doping other elements[7]. The 
first way is limited due to the length of mold and high 
energy cost[8]. The doping of B element in NextelTM 
fiber has achieved a success in inhibiting grain growth, 
however, the addition of boric oxide results in the 
occurrence of grain boundary glassy phases, and the 
volatilization of boric oxide above 1 000 °C also cause 
the fiber shrinkage[9]. 
Zirconia, as an oxide with a high melting 
temperature, has been utilized in zirconia-mullite bulk 
composite generally on a high level more than 7%[10]. 
The effects of enhanced densification and retarded grain 
growth by zirconia modification were illustrated in 
Prochazka’s work[11]. The promotion of flexural 
strength and fracture toughness by the addition of Zr was 
also reported[10, 12]. 
In the present study, low amounts of zirconia are 
doped into mullite gel fibers from the AIP-AN-TEOS 
aqueous system via a sol-gel method. The effects of Zr 
doping on the sol spinnability, structure evolution and 
mullitization process are discussed, and the thermal 
stability of the fibers is evaluated to explore the 
possibility of their application. 
 
2 Experimental 
 
2.1 Preparation 
The zirconia doped mullite gel fibers were prepared 
according to the steps described in Fig.1. The precursors 
included aluminum isopropoxide (AIP, AR, Sinopharm), 
aluminum nitrate (AN, AR, Modern Eastern) and 
tetraethyl orthosilicate (TEOS, AR, Yili). The zirconium  
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Fig.1 Scheme of preparation of zirconia-doped mullite fibers 
 
acetate (ZA) sol (28% ZrO2) was provided by Weifu Co., 
Ltd. Aluminum nitrate was dissolved in deionized water. 
AIP and TEOS were added with vigorous stirring 
according to a molar ratio of n(AIP):n(AN):n(TEOS): 
n(H2O)=12:3:5:400. The doping amount of ZrO2 was 
0.5%, 1%, 2% and 3% (mass fraction), respectively, 
which was calculated from the mullite content in solution. 
The mixture was heated in a water bath under reflux at 
80 °C and then condensed in a blast oven to eliminate the 
majority of solvents. The solution was kept at room 
temperature in a beaker until a spinnable precursor sol 
was obtained. Finally, the gel fibers were formed by 
pulling a thin glass rod from the sol at a speed of 150 
mm/s. The mullite fibers were obtained after drying at 
110 °C overnight and calcination at 1 000 °C for 1 h. To 
investigate the thermal stability of sintered fiber, 
additional calcination was carried out at 1 300 °C for 1 h. 
 
2.2 Characterizations 
The spinnability of precursor sol was estimated 
using the fiber length method as reported previously[13], 
i.e. the longer the fiber from precursor, the better 
spinnability the sol had. The viscosity measurement of 
sol was carried out at room temperature by using a 
NDJ-8s viscometer (SHSI, China). 
The Fourier transform infrared (FT-IR) spectrum 
was recorded on Nicolet 6700 spectrometer with a DTGS 
detector. The gel fibers were milled into powders and 
then the spectra were determined using KBr as reference. 
The spectra were detected at a resolution of 4 cm−1, and 
the wavenumber range was between 400 and 4 000 cm−1. 
The morphology photos of the fibers were taken by 
an SSX−550 scanning electron microscope (SEM) 
(Shimadzu, Japan). The fiber specimens were gold 
coated under vacuum. The working voltage was 15 kV. 
The powder X-ray diffraction (XRD) patterns were 
determined by a Japan Science D/max-RB diffractometer 
employing Cu Kα radiation (λ=0.154 18 nm). The X-ray 
tube was operated at 40 kV and 120 mA. The X-ray 
diffractograms were recorded at 0.02° intervals in the 
range of 10°≤2θ≤60° with a scanning rate of 4(°)/min. 
 
3 Results and discussion 
 
3.1 Sol properties 
The properties of the precursor sols with different 
Zr doping amounts are listed in Table 1. Either before or 
after the introduction of ZrO(AC)2, the precursor sols 
presented a similar transparent appearance and no 
precipitates were formed. The spinnability of the 
precursor sol did not change substantially with the 
doping of zirconia. The shortened gelation time resulted 
from the accelerated gelation process, which was 
associated with the hydrolysis and polycondensation of 
the precursor sol[14]. To illustrate the difference of 
gelation process, the variations of viscosity of the 
precursor sol during concentration are shown in Fig.2. It 
can be seen that the viscosity of the precursor sol kept a 
low level at the early stage of concentration due to the 
slow evaporation of excessive water. The viscosity of sol 
increased abruptly after concentration for 9 h, which 
corresponded to a critical point of the accelerated 
gelation process. Considering the difficulty in controlling 
the gelation process, an amount of ZrO2 lower than 2% is 
more preferable. 
 
Table 1 Effect of zirconia doping amount on properties of 
precursor sol 
Sample
ZrO2 
content/%
Appearance 
of sol 
Spinnability/
cm 
Gelation 
time 
Zr0 0 Transparent 50 ++++ 
Zr0.5 0.5 Transparent 55 ++++ 
Zr1 1 Transparent 55 +++ 
Zr2 2 Transparent 45 ++ 
Zr3 3 Transparent 45 ++ 
 
3.2 Structure evolution 
The evolution of surface structure of the gel fibers 
were studied through a FT-IR analysis in the 
wavenumber region 2 000−500 cm− 1, and the results are 
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Fig.2 Viscosity of precursor sol during concentration at 80 °C 
 
illustrated in Fig.3(a). The broad band at 1 578 cm−1 is 
assigned to the Zr—O—C vibration[15], and the increase 
in the intensity of this band was observed with the 
increase of the zirconia doping amount. The band at    
1 670 cm−1 is assigned to the C=O stretching, which 
shifted to 1 664 cm−1 for the sample Zr3 due to the 
formation of the Zr—O—C bond. The CH2 scissor at ca. 
1 470 cm−1 and distorted NO3− stretch at 1 364 cm−1 were 
derived from the precursors, which indicated the 
presence of hydrolytic polymerization process. No 
significant changes were found for the bands associated 
with Al or Si component in low wavenumber region, 
where the bands at 1 180 and 1 080 cm−1 correspond to 
the Al—O stretching in AlO4 and the Si—O stretching in 
SiO4, respectively[16]. The broad bands at 862 and 786 
cm−1 are assigned to the Si—O—Al and Si—O—Si 
strentching, respectively. As the basic structure units in 
mullite AlO4 and SiO4, were observed in the gel fibers, 
and would favor the mullitization process in sintering. 
The FT-IR spectra of the calcined fibers are shown 
in Fig.3(b). The band at 1 250 cm−1 corresponds to the  
Si—O—Si stretch, and the band at 1 070 cm−1 is 
ascribed to the Si—O bend in SiO4. The presence of the 
red shift for Si—O—Si band from 1 250 to 1 240 cm−1 
indicated the formation of the Si—O—Zr solid solution, 
which was further supported by the absence of Zr—O—
Zr. The band at 786 cm−1 is attributed to Si—O—Si 
stretch. The band at 675 cm−1 is assigned to Al—O 
stretch in AlO6, indicating the presence of another 
structure unit in mullite. 
 
3.3 Morphology of fibers 
The fibers prepared from different precursor sols 
showed similar diameters. For an example, Fig.4 shows 
the SEM micrographs of sample Zr1 gel and calcined 
fibers. As seen in Fig.4(a), the gel fiber had a uniform 
diameter of ~10 μm. The surface was smooth and free of 
crack. After calcination, the densification of the fibers 
caused the shrinkage of diameter, and resulted in a 
diameter of about 5 μm as shown in Fig.4(b). The 
shrinkage degree is about 50%, which is similar to the 
reported value[17]. 
 
3.4 Effect on mullitization 
The X-ray diffraction patterns of the fibers calcined 
at 1 000 °C are shown in Fig.5(a). Mullite was the major  
 
 
Fig.3 FT-IR spectra of gel fibers (a) and fibers calcined at 1 000 °C for 1 h (b) 
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Fig.4 SEM images of sample Zr1 gel fibers (a) and calcined at 
1 000 °C for 1 h (b) 
 
 
Fig.5 XRD patterns of mullite fibers calcined at 1 000 °C (a) 
and 1 300 °C (b) for 1 h 
crystalline phase for the calcined fibers, and the residual 
Al-Si spinel was also observed. Considering the 
relationship between the mullitization temperature and 
the mixing homogeneity of the Al/Si components, such a 
low mullitization temperature is an indication that the 
components in the fibers are mixed homogeneously at a 
molecular level[18], which has been validated by the 
appearance of Al—O—Si at 862 cm−1 in Fig.3(a). 
Compared with the pure sample (Zr0) and the 
high-Zr-doping samples (Zr2 and Zr3), sample Zr1 had 
less spinel. It seems that the mullitization process was 
accelerated by the doping of Zr at a limited amount of 
1%. Considering the double-peak structure at about 
2θ=26°[19], further comparison on the intensity of the 
peak at 2θ=16° was carried out. As shown in the inner 
figure in Fig.5(a), compared with the other samples, 
sample Zr1 showed the highest intensity of the mullite 
peak and a more complete mullitization process. 
The XRD patterns of the fibers calcined at 1 300 °C 
are shown in Fig.5(b). Compared to the fibers calcined at 
1 000 °C, the diffraction peaks of mullite calcined at    
1 300 °C became sharper, and the residual phase of 
spinel vanished. The mullitization, which originated 
from the reaction between amorphous SiO2 and 
Al2O3[18], can be promoted through the calcination at an 
elevated temperature. Due to the low solubility in 
mullite[20], the ZrO2 phase can be observed due to the 
segregation and sinter of zirconia after calcination at 1 
300 °C. 
 
3.5 Thermal stability of fibers 
To investigate the effect of zirconia doping on the 
thermal stability of mullite fibers, the crystalline sizes of 
mullite in different samples were calculated from the 
XRD results, and the growth rates of the fibers after 
calcination at temperature from 1 000 °C to 1 300 °C are 
shown in Fig.6. For the pure fiber (Zr0), the crystallite 
size increased from 17.1 nm at 1 000 °C to 20.8 nm at  
1 300 °C, which was approximate to the variation 
reported by TAKAMORI et al[21]. With the increase of 
the Zr doping amount, the growth rate firstly decreased 
and then increased again. The smallest growth rate of 
10.68% was achieved on sample Zr1, which was just a 
half of that on sample Zr0. Thus, it can be suggested that 
appropriate doping of zirconia can retard the grain 
growth of mullite at high temperatures. This effect is 
determined to a large degree by the dispersion state of 
ZrO2. The highly dispersed ZrO2 could inhibit the grain 
growth of mullite more efficiently, especially for those 
located at grain boundaries[11]. In contrast, coarsening 
of the aggregated ZrO2 will be triggered by mullite grain 
growth and eliminate the dragging effect of ZrO2 on 
mullite grain boundaries[22−23]. Thus, it is reasonable to 
suggest that the ZrO2 in sample Zr1 is more finely 
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Fig.6 Grain growth rates of fibers after calcination from 1 000 
°C to 1 300 °C 
 
dispersed in respect to those in the other doped samples. 
 
4 Conclusions 
 
Spinnable Zr-doped mullite sols were prepared 
using zirconium acetate as the precursor. The 
spinnability of the precursor sol did not change 
obviously by the doping of zirconia although the gelation 
process was accelerated. The Zr—O—C bond was 
formed in the gel fibers, resulting in the red shift of 
C=O stretching. Smooth and crack-free surface was 
obtained for all the gel fibers and the calcined fibers with 
uniform diameter. Mullite was the major phase for the 
fibers calcined at 1 000 °C with some spinel resided. The 
doping of zirconia promoted the mullitization process. 
The residual spinel phase disappeared when the 
calcination temperature was elevated to 1 300 °C. 
However, excess ZrO2 would segregate out and sinter on 
the surface of mullite for the high-Zr-doping sample at 
this temperature. The appropriate addition of zirconia 
could retard the grain growth of mullite effectively, 
which provides a promise for the application of the 
doped fibers. 
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